Metamorphosis
Introduction
Regeneration has fascinated scientists since its discovery in hydras in the mid-18th century (Dinsmore, 1991) . Regenerative abilities are widespread among a variety of organisms, ranging from planaria and echinoderms to vertebrates (Bely and Nyberg, 2010) . Recent advances in molecular biology have led to a resurgence of interest in determining the genetic mechanisms underlying regeneration and the extent to which these processes are conserved among metazoans.
Regeneration is a process by which an organism replaces a lost part of the body to reform a completely new structure and can be classified into two broad categories: epimorphosis and morphallaxis. Morphallaxis is the regeneration of lost tissues that stems primarily from reorganization of existing tissues (Agata et al., 2007) . A classic example of morphallaxis is of a hydra severed in half-the cells in the two remaining halves rearrange to form separate, small hydra. Alternatively, in epimorphosis, the regenerating tissues replace the lost parts through the addition of new cells to the existing structure (Endo et al., 2004) . Examples of epimorphosis include arthropod and vertebrate limb regeneration.
Insects have an impressive ability to regenerate lost appendages, and this ability is seen across the entire insect phylogeny despite the various ways by which different insects develop their adult appendages. In hemimetabolous insects (insects that undergo incomplete metamorphosis), nymphs hatch out of the eggs with more or less fully developed appendages. In holometabolous insects (insects that undergo complete metamorphosis), appendages develop in several ways. The most primitive mode of appendage development is seen in beetles, such as Tenebrio molitor, where most of the appendages do not develop from imaginal discs, and instead develop externally during the embryonic phase and 0925-4773/$ -see front matter Ó 2011 Elsevier Ireland Ltd. All rights reserved. doi:10.1016/j.mod.2011.07.001 later transform into adult appendages during metamorphosis (Truman and Riddiford, 2002) . Only a few appendages, such as the wings, develop from imaginal discs, and these imaginal discs only begin to proliferate during the late larval phase (Truman and Riddiford, 2002) . In other holometabolous insects that undergo a more derived mode of appendage development, adult appendages develop from imaginal disc cells that are set aside during embryogenesis. Despite these distinct modes of development, the appendages studied to date are all capable of regenerating missing portions. In all cases, regeneration of external appendages requires a molt. Thus, only juveniles are capable of appendage regeneration, and removal of adult appendages does not lead to regeneration.
Although much progress has been made in studies of regeneration in hemimetabolous insects, much of our knowledge on holometabolous insect limb regeneration comes from studies on the imaginal discs of the fruitfly, Drosophila melanogaster. Studies have shown that regeneration proceeds following several steps: wound healing, blastema formation and repatterning (Bergantinos et al., 2010; Bosch et al., 2005; Endo et al., 2004; Sustar and Schubiger, 2005) . Unfortunately, regeneration studies in Drosophila are rather difficult to perform given that imaginal discs are internal structures and cannot be readily removed. Once removed, the discs must be cultured in vitro or inside a host, although new methods have recently been devised to circumvent some of these issues (Smith-Bolton et al., 2009) .
Regeneration can be more easily examined in insects that undergo a less derived mode of development, such as Coleoptera and Lepidoptera. In contrast to Drosophila, the larvae of these insects have external appendages, such as legs and antennae, that alter their morphology during metamorphosis. These larval appendages have a remarkable ability to regenerate and are easily accessible (Bodenstein, 1937 (Bodenstein, , 1941 . However, little is known about the molecular mechanisms underlying the regenerative process in these larval appendages. Here, we describe a new strategy to examine the molecular mechanism of regeneration using the red flour beetle, Tribolium castaneum. We combine leg ablation with RNA interference (RNAi) to examine the role of particular genes in larval leg regeneration. The genome of Tribolium is available (Tribolium Genome Sequencing Consortium, 2008) , allowing us to easily identify orthologs of interest.
We focused on Wnt signaling, which regulates tissue growth in Drosophila and other organisms. Recent studies have highlighted the importance of Wnt signaling in regeneration across various taxa, ranging from vertebrates to planaria and insects. In hemimetabolous insects, Wnt signaling is required for leg regeneration (Nakamura et al., 2008) , and a recent study indicates that the Drosophila ortholog of wnt-1, wingless (wg), is necessary for imaginal disc regeneration (Schubiger et al., 2010) . Tissue damage leads to localized, regenerative cell proliferation that is characterized by a change in expression of patterning genes, including strong, elevated expression of wg in the regenerating tissues (Schubiger et al., 2010; Smith-Bolton et al., 2009) . Gain-and loss-of-function studies reveal that wg expression allows for the expression of Myc, a transcription factor that enhances regenerative growth (Smith-Bolton et al., 2009).
In addition to regeneration, a study on Wnt signaling provides us with an opportunity to better understand its role in holometabolous insects that undergo a more primitive mode of appendage development. Wg regulates both imaginal disc allocation and tissue growth in Drosophila (Kojima, 2004) . During early embryonic development, the thoracic imaginal primordia, the cells that will eventually give rise to the leg and wing imaginal discs, are allocated from the embryonic ectoderm by the interactions of genes that pattern the dorso-ventral (D/V) and antero-posterior (A/P) axes of the embryo. The primary signals involved in this process are wg, decapentaplegic (dpp), and the Drosophila epidermal growth factor receptor homologue (DER) (Grossmann et al., 2009; Kojima, 2004) . Studies indicate that wg is essential for imaginal disc allocation (Cohen et al., 1993) . The imaginal discs grow subsequent to their allocation, and this growth is also partially regulated by Wg (Serrano and O'Farrell, 1997; Struhl and Basler, 1993) .
Much less is known about the role of Wnt signaling in holometabolous insects, such as the red flour beetle T. castaneum and T. molitor, which undergo a primitive mode of appendage development and lack embryonic imaginal disc development. Wnt signaling has been shown to play a key role in the development of legs in the embryos of T. castaneum (Ober and Jockusch, 2006) . Downregulating the expression of wnt-1 in T. castaneum embryos leads to a complete loss of thoracic appendages and changes in the expression of other genes required for limb development (Ober and Jockusch, 2006) . This indicates that Wnt-1 signaling is necessary in the earliest stages of leg development in T. castaneum, similar to D. melanogaster. However, whether or not the same mechanism is also involved in late developing appendages, such as wings, is not known. It is also not clear whether larval-toadult leg transformation requires Wnt signaling, as Drosophila lacks larval legs.
In the present study, we examined the role of Wnt-1 signaling during leg regeneration and postembryonic leg development in T. castaneum. Thus far, there are eight identified wnt genes in T. castaneum, in addition to wnt-1, with varying degrees of functional overlap (Bolognesi et al., 2008) . In addition to Wnt-1, several other wnt genes are likely to act via the canonical Wnt signaling pathway. The canonical Wnt pathway is thought to proceed through binding transmembrane cell surface receptors of the frizzled family. This binding initiates a signal transduction pathway that stabilizes the cytosolic transcription factor Armadillo (Arm) (Brown and Moon, 1998) , allowing Arm to translocate into the nucleus and activate the transcription of various genes (Bejsovec, 2005; Huelsken and Behrens, 2002) . The non-canonical Wnt pathway does not involve Arm (Bejsovec, 2005) . Because we wished to see if the effects of wnt-1 knockdown were mediated by canonical Wnt signaling, we knocked down one of the two arm paralogs in Tribolium and examined its roles during leg metamorphosis and regeneration.
Through RNAi-mediated gene knockdown and larval leg ablations, we observed the role played by canonical Wnt signaling during metamorphosis and larval leg regeneration. We found that Wnt signaling is necessary for both of these processes. Our findings show that Tribolium is an excellent model for studies on the genetic regulation of leg regeneration.
Results

2.1.
Knockdown of wnt-1 during the larval stage affects pupal and adult appendages and posterior gintraps of abdominal segments
In order to elucidate the general effect of wnt-1 knockdown and the role that Wnt-1 signaling may play in larval-to adult metamorphosis in T. castaneum, larvae were injected with wnt-1 dsRNA on day 0 of the sixth and seventh instar larvae and allowed to develop into adults. Because a fraction of larvae died as a result of injury caused by dsRNA injections, we report on the larvae that survived past the next larval molt. Of these, 70% (n = 26/37) of the seventh instar injected and 47% (n = 22/46) of the sixth instar injected larvae survived to the pupal stage, with the rest dying primarily during the larval molts and prepupal stage.
At the pupal stage, variable pupal phenotypes were observed in larvae injected as seventh instars. The pupal phenotypes differed in the size of the gap present between the wings and appendage widths (Fig. 1B-D) . Mildly affected pupae had ventrally located wings, but the gap between the two wings was wider in comparison to the control pupa (n = 16/26; Fig. 1A vs 1B) . Strongly affected pupae either lacked wings completely or had laterally located wings that were reduced in both width and length (n = 10/26; Fig. 1C ). Phenotypes resulting from sixth instar injections were consistently severe. Among affected pupae, many lacked any semblance of wings (n = 15/22; Fig. 1D ), and the rest had wings that were markedly reduced in size (n = 7/22; not shown).
All wnt-1 dsRNA injected individuals also showed altered tibial and tarsal leg morphology in comparison to the control legs of amp r dsRNA-injected individuals although the effect was variable (Fig. 2B-D) . The pupal antenna did not appear to be severely affected and was only slightly reduced in width, especially when injection was delayed until the seventh instar ( Fig. 2B and C) . In contrast, the pupal maxilla and labium from the wnt-1 dsRNA-injected individuals were noticeably different from those of the control pupae even in the animals injected as seventh instar larvae ( Fig. 2B-D) . The wnt-1 dsRNA-injected individuals also consistently exhibited Note that the more severely affected pupae have visibly smaller wings that are shifted laterally (wing outlined in C) than both the control and mildly affected pupae. (E and F) Pupae resulting from arm-2 dsRNA injections during the seventh (2 lg/ll) (E) and sixth (0.5 lg/ll) instars (F). The reduced wing is indicated by the white arrowhead. Note the reduction in the posterior gin traps of wnt-1 dsRNA injected pupae (inset). All images at identical magnification.
dramatically reduced posterior gin traps on each segment (Fig. 1B-D, inset ). These structures develop on the anterior and posterior portions of each wildtype pupal segment. This suggests that wnt-1, which acts as a segment polarity gene in the embryo (Nagy and Carroll, 1994) , may also function in the development of the posterior compartment of each segment during larval-pupal transformation. The animals that survived to the adult stage (n = 11/26 and 15/22, for seventh and sixth instar injected animals, respectively) had difficulty fully enclosing and, as a result, were still partially encased in the pupal cuticle. For animals injected in the seventh instar, the adult phenotypes followed the same pattern of severity as the pupal phenotypes (Fig. 3) . Unlike control amp r dsRNA-injected individuals with dorsally located wings, mildly affected adults had laterally located wings that were often stuck in the pupal cuticle (n = 7/11; Fig. 3A vs 3B; adult with cuticle removed). The strongly affected adults, like their pupae, either lacked wings or had very short wings (n = 4/11; Fig. 3C ). These wings were noticeably underdeveloped and lacked the general wing shape that was observed in mildly affected animals. The majority of adults that were injected with wnt-1 dsRNA as sixth instar larvae completely lacked wings (n = 12/15), while only a small number had very reduced, underdeveloped wings (n = 3/15) (not shown). In addition, a gap was observed between the metathoracic and abdominal sternites in all strongly affected adults ( Fig. 3C ; black arrowhead), indicating that wnt-1 may play a role in thoracic sternite development. Interestingly, a large gap was also observed between the two metathoracic legs. The maxillae are dramatically reduced in width in both the wnt-1 and arm-2 dsRNA injected animals (black arrows). Antennae are also markedly reduced in width, especially in the arm-2 dsRNA-injected animals. Note that the affected tibial (black arrowhead) and tarsal (open arrowhead) segments are markedly narrower than the control segments. In the more severely affected wnt-1 dsRNA-injected animals, the trochanter was fused with the femur (open arrow). In arm-2 dsRNA-injected animals, the femur (grey arrowhead) appears slightly misshapen, and the adult tibia and the tarsi could not be distinguished from the pupal tarsi and tibia. The tibia and the tarsi still have pupal cuticle attached in these animals. All images at identical magnification.
The removal of Wnt-1 resulted in maxillae that were dramatically reduced in width (compare Fig. 4A vs 4B and C). Their legs were also visibly reduced in width in comparison to the control legs. Again, only the tibial and tarsal segments were affected, but not the femur although in severely affected animals, the trochanter was fused with the femur (compare Fig. 4A vs 4B and C). In affected animals, the number of tarsal subsegments was not altered. Both the wildtype and affected tibial and tarsal segment length increased linearly with increasing body size in the same manner (ANCOVA, Tibia: p = 0.63; Tarsi: p = 0.47), indicating that leg length is not affected by larval wnt-1 dsRNA injection ( Fig. 5A and B) . However, tibial and tarsal segment widths, measured at the distal end of the tibial segment and the first tarsal segment, respectively, did not increase with body size in the same manner; instead, three distinct patterns were observed ( Fig. 5C and D). For both the wildtype and mildly affected adults, as body size increased, tibial and tarsal width increased linearly. The mildly affected adults, however, had significantly narrower tibia (ANOVA, p < 0.0001; Tukey HSD test) and tarsae (ANOVA, p < 0.0001; Tukey HSD test) than the wildtype adults. The tibia and tarsae of strongly affected adults were significantly narrower than those of either the wildtype or mildly affected adults. However, there appeared to be little correlation between body size and leg segment width in the strongly affected adults (ANOVA, Tibia: p < 0.0001; Tukey HSD test; Tarsi: p < 0.0001; Tukey HSD test). Taken together, these results suggest that wnt-1 affects the width of the adult legs, but not the length. The antennae did not appear to be affected in the same dramatic manner and were morphologically similar to those seen in control animals (compare Fig. 4A vs 4B and C).
2.2.
Arm-2 dsRNA injections produce more dramatic effects than wnt-1 dsRNA injections
To examine whether the observed effects of Wnt-1 knockdown were a result of disrupted canonical Wnt signaling pathway, we cloned fragments of arm-1 and arm-2 genes, which encode proteins that are integral to the canonical Wnt pathway (Bejsovec, 2005) . Knockdown of either gene results in partial knockdown of the other gene (see Methods and Supplementary Fig. 1 ). Injections with arm-1 dsRNA resulted in 100% mortality during the larval period even at concentrations as low as 0.05 lg/lL (n = 19). At 0.005 lg/lL, larvae were able to pupate, but the effect on the pupal morphology was minimal. Because we could not observe the effect of Arm-1 removal on adult development, we focused our study on arm-2 dsRNA-injected animals.
When day 0 seventh instar larvae were injected with arm-2 dsRNA, a high mortality rate was also observed for arm-2 injections; of the larvae that survived past the first molt after injection, only 44% (n = 12/27) survived to the pupal stage. As with wnt-1 dsRNA injections, most larvae died during ecdysis, especially during the transition to the pupal stage. Injections of 2, 1.5, and 1 lg/lL of arm-2 dsRNA into day 0 sixth instar larvae were almost completely lethal-most larvae died before reaching the pupal stage, primarily during the prepupal stage, and those that survived died in the pupal stage. The concentration of 0.5 lg/lL decreased the mortality rate enough for a few of the animals to survive to the adult stage (n = 9/24 individuals that survived the first molt), while still producing strong phenotypic effects.
The pupal phenotype resulting from arm-2 knockdown in the seventh instar larvae showed very similar characteristics to that resulting from wnt-1 knockdowns but was considerably more severe ( Fig. 1E and F) . As with wnt-1 dsRNA-injected pupae, the wings and legs were the main structures that were affected. Many pupae lacked visible wings entirely (n = 11/17 and 5/9 in the seventh and sixth instar injected animals, respectively), while the rest showed minor outgrowths at the site where wings normally develop ( Fig. 1E and F) . The affected pupal leg segments lacked the normal tarsal and tibial morphology, and instead were threadlike and often contorted ( Fig. 2E and F) . The femur also appeared mildly affected; its morphology was more bulbous than the normal femur ( Fig. 2E and F) . Notably, the gin traps on the posterior side of each abdominal segment appeared only slightly reduced in comparison to the control gin traps, unlike those obtained through wnt-1 dsRNA injections where the reduction was much more severe ( Fig. 1E and F; inset) .
The adult phenotype clearly paralleled the pupal phenotype, but only a few of the pupae survived to the adult stage (n = 6/17 and 4/9 in the seventh and sixth instar injected animals, respectively). None of the adults that survived were able to enclose completely and instead remained mostly encased in their pupal cuticle ( Fig. 3D and E) . Most of the adults lacked visible wings entirely, and these individuals also tended to have very fragile and reduced legs ( Fig. 4D and E), which were often broken during the eclosion process. The adults that had very small wing growths had comparatively sturdier legs, but these were also narrow and fragile. Adult femur morphology also appeared to be slightly distorted by arm-2 dsRNA injection (Fig. 4) . All of these adults showed large gaps between the thoracic and abdominal sternite, as observed in the adults subsequent to the wnt-1 dsRNA injection. Again, a gap was observed between the metathoracic legs. The phenotypic effects observed from arm-2 dsRNA injection were similar to those observed in wnt-1 RNAi animals, confirming that most of the phenotypic effects from wnt-1 RNAi were likely due to disruption of the canonical Wnt pathway. However, appendage development was more severely disrupted in the arm-2 knockdown animals, indicating that perhaps other wnt genes may also play a role in appendage development or that Arm may play additional roles that are independent of Wnt signaling. and day 1 (right) prepupae injected with arm-2 dsRNA (2 lg/lL) on day 0 of the seventh instar. Note the comparatively smaller size of fluorescence in the wing imaginal disc (white arrow), and the increase in fluorescence between day 0 and day 1. (C) Day 0 (left) and day 1 (right) prepupae injected with arm-2 dsRNA (2 lg/lL) on day 0 of the sixth instar. The fluorescence in the wing imaginal disc (white arrow) is very small on day 0, and only grows slightly on day 1. The same prepupa was imaged on 0 and day 1. All images taken at 40·.
2.3.
Arm-2 dsRNA injections into day 0 sixth and seventh instar PU-11 larvae reduce wing imaginal disc growth All of the pupae and adults from both wnt-1 and arm-2 dsRNA injections showed several similar phenotypic effects including having reduced or absent wings. It is known that T. castaneum pupal and adult wings develop from imaginal discs allocated during the final larval instar (Tomoyasu et al., 2005) . In order to ascertain what role the canonical Wnt pathway might play in the development of wing imaginal discs, arm-2 was knocked down in larvae of the PU-11 T. castaneum strain. This larval strain expresses GFP in the wing imaginal discs (Tomoyasu et al., 2005) . By observing the same larva on day 0 and day 1 prepupal stages, we tracked the growth of the wing imaginal discs. Day 0 seventh instar larvae were injected with arm-2 dsRNA, and the GFP expression in the wings was observed at the prepupal stage (Fig. 6) . The control prepupae showed strong GFP fluorescence in the wing imaginal discs (n = 3). This expression increased between prepupal day 0 and day 1, with the fluorescence extending further ventrally (Fig. 6A) . In contrast, the prepupa injected with arm-2 dsRNA on day 0 of the seventh instar showed noticeably less GFP fluorescence on both prepupal day 0 and day 1 (n = 5). While the area of GFP expression in the wing imaginal discs appeared to increase between prepupal day 0 and day 1, the area of expression was still noticeably smaller than that of the control prepupae on both prepupal day 0 and day 1 (Fig. 6B) . Even less fluorescence was observed in prepupae injected with arm-2 dsRNA on day 0 of the sixth instar (n = 3). Again, while the GFP fluorescence in the wing imaginal disc grew slightly between prepupal day 0 and day 1, it stayed much smaller than those seen in the seventh instar arm-2 dsRNA-injected or the control prepupae (Fig. 6C) .
2.4.
T. castaneum larvae can fully regenerate their legs if ablated during their sixth larval instar It is known that wnt genes are important for regeneration across many metazoan species (Stoick-Cooper et al., 2007a,b) . Recent studies in the regeneration of D. melanogaster leg imaginal discs have shown that wg is highly expressed in the regenerating tissue and plays a role in imaginal disc regeneration (Smith-Bolton et al., 2009) . In order to determine if this role of wnt-1 is conserved in larval leg regeneration, the regeneration process in the control amp r dsRNA-injected larvae was first characterized. Sixth instar larvae were injected with 2 lg/ll amp r dsRNA and larval mid-and hindlimbs were ablated two days later.
Observations were made after each subsequent molt until the adult stage (Figs. 7 and 8). Of the larvae whose legs were ablated at the base of the femur and that survived to the adult stage, 100% showed regeneration of all leg segments (n = 10). After the first larval molt after injection, the ablated region was closed, indicating that the wound site had healed (n = 22/22). A blastema-like structure was also observed at the location of ablation, appearing as a rounded growth at the cut location (Fig. 7A) . Regeneration of the legs was noticeable after the second larval molt, re-forming segments, elon- gating, and taking on the general shape of a larval leg (n = 9; Fig. 7B-D) . Although the larval segments regenerated, the morphology of the larval leg was still distorted, and it took until the third larval molt for the legs to assume a more normal larval leg morphology (Fig. 7E) . A significantly increased number of animals also underwent an extra larval molt before pupating, presumably in response to injury caused by the leg ablation (Suzuki et al., 2009) 
(p < 0.05, t-test).
In the pupal stage of the animals that pupated after one larval molt, the legs appeared to have more or less regenerated completely, although the regenerated leg was occasionally contorted, and the tarsal segments were shorter than the normal tarsal segments (Fig. 8A) . In the adults, we observed some distortion in the tarsal morphology (Fig. 8C) . In some animals, both the mid-and hindlegs had regenerated completely whereas in others, one of the legs was misshapen, often with distorted tarsal segment morphology. In adults that developed from larvae that underwent two larval molts before pupating, the pupal and adult legs were more or less completely normal in appearance ( Fig. 8B and D) . Similar observations were made when dsRNA was injected on day 0 and legs were ablated on the same day ( Fig. 8E and F) . Taken together, these results indicate that two larval/pupal molts are required to re-establish all the segments and that at least three larval/pupal molts are required to restore the normal leg morphology. We also performed leg ablations on larvae that were not treated with dsRNA and found that these larvae respond in the same manner and can regenerate their legs (data not shown).
Wnt-1 and arm-2 knockdowns prevent leg regeneration
In order to study the effects of wnt-1 knockdown on limb regeneration, larval leg ablation was paired with wnt-1 dsRNA injection. Because the full effect of dsRNA knockdown may not be present until one or two days after dsRNA injection, we waited two days before ablating the larval legs. When larvae were injected with wnt-1 dsRNA on day 0 of the sixth instar and subsequently, the larval legs were ablated on day 2, no regeneration was observed even after two molts (Fig. 7F-I) . In contrast to normally regenerating legs, the larvae injected with wnt-1 dsRNA did not form an obvious blastemalike structure at the site of ablation after either the first or Adult phenotypes obtained from pupae that formed one larval molt (C and E) or two larval molts (D and F) after amp r dsRNA injection and leg ablations two days later (C and D) or on the same day (E and F). Scale bars represent 0.2 mm.
second molts (n = 31/31). Instead, the sites of ablation were uneven and did not appear to produce any uniformly growing tissues ( Fig. 7G-I) . Similarly, neither the pupae (n = 22/22) nor adults (n = 13/13) showed any leg regeneration when pupation occurred after one or two larval molts (Fig. 9A, B and E-G).
These results indicate that Wnt-1 signaling is necessary for blastema formation and subsequent regeneration of the limbs during the larval, pupal and adult stages. We also found that injection of wnt-1 dsRNA and leg ablation on the same day produced similar phenotypes (n = 19; data not shown).
Similarly, when the order of injection was reversed (leg ablation on day 0 followed by wnt-1 dsRNA injection on day 2), the legs still failed to regenerate (n = 23/23; data not shown). Thus, allowing two days (possibly longer for enhanced RNAi effect) for the wound site to heal and initiate blastema formation before knockdown of wnt-1 expression is not sufficient to promote regeneration. Next we assessed whether wnt-1 acts via the canonical Wnt signaling pathway during regeneration. Because Armadillo (Arm) is a downstream mediator of the canonical Wnt pathway (Bejsovec, 2005) , we knocked down Arm-2 expression on day 0 of the sixth instar larvae and ablated their legs two days later. Similar to the phenotypes obtained in wnt-1 dsRNA-injected larvae, larvae failed to regenerate their legs even after the second molt (n = 16/16; Fig. 7J-M) . The ablated site appeared to heal but no tissue growth was visible at the site of the leg ablation, indicating that in the absence of Arm-2, the blastema cells likely cannot proliferate. The pupae that developed after one or two larval molts also failed to regenerate their legs, and no appendage structure developed from either the mid-or the hindleg coxae (n = 12/12; Fig. 9C ). Thus, Arm-2 is required for proper regeneration of larval legs in T. castaneum.
2.6.
Wnt-1 and arm-2 knockdowns prevent antennal regeneration
The above results indicate that Wnt signaling is necessary for leg regeneration. However, it has been shown that Wnt-1 is also necessary for normal leg development in the embryo (Jockusch and Ober, 2006) . To separate the normal appendage patterning functions of Wnt-1 from regeneration-specific functions of this gene, we next examined the effect of removing Wnt-1 and Arm-2 prior to antennal regeneration. Since Wnt-1 does not appear to be necessary for the normal patterning of larval antennae (Jockusch and Ober, 2006) , any phenotype recovered can be attributed specifically to its role in regeneration. Tribolium larval antennae have only three segments. Because the antennae are very small, we only removed the two distal antennal segments, leaving behind the most proximal segment.
When antennae were removed two days after the injection of amp r dsRNA into day 0 sixth instar larvae, a small bump was observed after the first molt. The basic structure of the antennae restored after two molts in all animals (n = 15/15; Fig. 10A and B) . Thus, just like the legs, two molts are sufficient to restore the general morphology of regenerated antennae. When these animals subsequently pupated and became adults, the regenerated antenna was indistinguishable from the normal unablated antenna (n = 10/10; Fig. 11A ). When Wnt-1 was removed, the antennae did not show any signs of regeneration after one molt (Fig. 10C) . Instead, a tiny bump was observed after one molt. After the second molt, most did not show any signs of regeneration (n = 7/8) (Fig. 10D ). Pupae and adults that formed after one or two larval molts showed some variability; some did not regenerate their antennae (n = 8/15), whereas the rest regenerated their antennae at least partially (n = 7/15). In general, severely affected Wnt-1 knockdown animals were unable to regenerate their antennae: we found that wnt-1 knockdown pupae that did not form wings or formed reduced wings also failed to regenerate their antennae (Fig. 11C and D) , whereas weakly affected pupae that formed wings regenerated their antennae although the regenerated antennae were typically misshapen and reduced in width (Fig. 11B) . Such variability was not observed in arm-2 knockdown larvae. In these animals, the antennae never regenerated even after two larval molts ( Fig. 10E and F) , and the pupae and the few surviving adults also failed to regenerate their antennae (n = 7/8; Fig. 11E ).
These results show that removal of canonical Wnt signaling results in disrupted antennal regeneration. The variable phenotypes seen in wnt-1 knockdown antennae demonstrate that unlike leg regeneration, where the legs never regenerated as long as wnt-1 dsRNA was injected, antennal regeneration can only be inhibited by strong silencing of wnt-1 expression. Taken together, we conclude that canonical Wnt signaling is required for proper regeneration of larval appendages and demonstrate that Wnt-1 is necessary for the initial stages of regeneration. 
Discussion
In the present study, the effects of disrupting the canonical Wnt signaling pathway, via wnt-1 and arm-2 RNAi, on postembryonic development in T. castaneum were observed. We demonstrated that all larvae injected with either wnt-1 or arm-2 dsRNA yielded pupae and adults with limbs, antennae, and gnathal appendages that were reduced in width. All of these larvae showed a reduction or absence of wings as pupae and adults, where the disruption of the Wnt-1 signaling pathway at earlier developmental stages yielded more severe pupal and adult phenotypic effects. While these effects were observed in both wnt-1 and arm-2 RNAi animals, the arm-2 knockdowns consistently showed more severe phenotypes than the wnt-1 knockdowns. In addition, we also showed that canonical Wnt signaling is required for proper larval leg and antennal regeneration.
3.1.
Phenotypes from arm-2 RNAi are more severe than wnt-1 RNAi
In contrast to the pupae and adults resulting from sixth and seventh larval instar wnt-1 knockdown, those from arm-2 knockdown showed the greatest degree of leg width reduction, and appendage abnormalities. One possibility might be due to the fact that RNAi is not a complete knockdown, which could lead to differences in knockdown efficiencies between the two genes we analyzed. Alternatively, there may be functional differences between the two genes. The less severe wnt-1 knockdown phenotypes may result from functional redundancy of Wnt proteins. There are nine identified wnt genes in the Tribolium genome-including wnt-1-which are thought to bind to the Frizzled receptors (Beermann et al., 2011) . Because other Wnt proteins, besides Wnt-1, are likely to initiate canonical Wnt signaling, their functions likely overlap with that of wnt-1 to some extent (Bolognesi et al., 2008) . At the very least, Wnt-8 has been shown to act via the canonical Wnt pathway. Alternatively, the more severe phenotypes resulting from arm-2 knockdown may be the result of an additional role that Arm has in maintaining cellular adhesion (Peifer, 1995; Peifer et al., 1993) . We note that the dsRNA was created from the arm-2 sequence. Because of the high sequence similarity, it is impossible to separate the function of arm-1 and arm-2 from the present study. As arm-1 was silenced to some extent ( Supplementary Fig. 1 ), phenotypic effects cannot be specifically attributed to one paralog. However, regardless of whether or not arm-1 and arm-2 are both silenced, we can conclude based on our results that Wnt-1 acts via the canonical Wnt pathway to regulate appendage development and regeneration.
Role of Wnt-1 in postembryonic T. castaneum appendage development
Our findings show that in addition to the role of Wnt-1 in embryonic limb development (Ober and Jockusch, 2006) , wnt-1 also plays a major role during postembryonic development. Unlike Drosophila, which derive adult appendages from imaginal discs, Tribolium appendages develop via several modes. Tribolium wings develop from imaginal discs allocated and patterned during the last larval instar, whereas beetle legs develop from polymorphic larval cells (cells that can create the larval, then pupal, then adult leg throughout leg metamorphosis) rather than imaginal cells (Huet and Lenoir-Rousseaux, 1976; Tanaka and Truman, 2005; Truman and Riddiford, 2002) . Our results show that Wnt-1 signaling is necessary for the development of both imaginal discs and cell proliferation of polymorphic cells. Thus, the canonical Wnt signaling pathway may be required for proliferation of all cell types in appendages.
We also observed that appendage width, but not length was affected in response to wnt-1 RNAi. Other genes, such as Sp8, have been shown to be involved in regulating the length, but not width, of the appendages in T. castaneum (Beermann et al., 2004) . Thus, width and length of appendages may be modified independently of each other. Our findings may point to a possible mechanism by which the diversity of insect appendage morphologies could evolve.
3.3.
The conserved role of Wnt-1 signaling across all holometabolous insects Among other holometabolous taxa, such as Hymenoptera (ants), Lepidoptera (moths), and Diptera (flies), studies have shown that Wnt-1 signaling is also involved in post-embryonic appendage development (Abouheif and Wray, 2002; Sato et al., 2008) . For example, studies in larval silkmoths (Bombyx mori) have shown that Wnt-1 signaling is necessary in the wing imaginal discs for proper wing formation (Sato et al., 2008) . It is clear that, during post-embryonic appendage development, holometabolous insects undergoing both a primitive mode of appendage development, such as Tribolium, and those undergoing a derived mode of appendage development, such as Drosophila or Bombyx, share a common requirement for Wnt-1 signaling. This ultimately suggests that the canonical Wnt pathway may play a conserved function in adult appendage development across all holometabolous insects.
This observed role of Wnt-1 signaling in post-embryonic appendage development starkly contrasts with its documented role in the appendage development of hemimetabolous insects, such as the cricket, Gryllus bimaculatus (Angelini and Kaufman, 2005b) . Hemimetabolous insects hatch as nymphs rather than larvae, with adult-like appendages that develop from embryonic limb buds, and grow with subsequent molts. Embryonic wnt-1 RNAi studies in G. bimaculatus indicate that while Wnt-1 signaling plays a role in other developmental processes (such as body segmentation), it is not involved in appendage ontogenesis (Miyawaki et al., 2004) . Similar results were obtained from the hemimetabolous milkweed insect, Oncopeltus fasciatus (Angelini and Kaufman, 2005a) . All appendage types develop normally in O. fasciatus despite disruption of the canonical Wnt pathway through RNAi-mediated disruption of pangolin expression. Pangolin is a component of canonical Wnt signaling that acts downstream of Arm (Brunner et al., 1997) . Given that both Gryllus and Oncopeltus belong to the Hemimetabola, these results suggest that Wnt-1 signaling is not involved in hemimetabolous appendage development.
Taken together, the role of canonical Wnt signaling in post-embryonic appendage development appears to be found only in holometabolous insects. The conserved role of wnt-1 and arm-2 in limb formation in Tribolium and Drosophila, and the proposed lack of involvement of Wnt-1 signaling in limb formation in hemimetabolous insects (Angelini and Kaufman, 2005a; Nakamura et al., 2008) , suggest an intriguing possibility that a role for canonical Wnt signaling in proximodistal patterning evolved early in holometabolous insects and was retained after imaginal discs evolved (Fig. 12) . Similar conclusions were also reached by Ober and Jockusch (2006) through their studies on Wnt signaling during embryogenesis. Our observation that wings also require canonical Wnt signaling establishes Wnt signaling as an ancient mechanism that was used to regulate the development of many different types of appendages. Whether Wnt-1 signaling was somehow preadapted for imaginal disc development remains to be seen.
3.4.
The conserved role of canonical Wnt signaling in insect appendage regeneration
We found that when limbs were ablated during the larval stage, they could fully regenerate and developed into legs that were virtually indistinguishable from adult legs. Thus, Tribolium have a remarkable ability to regenerate their legs, similar to that seen in T. molitor (Huet and Lenoir-Rousseaux, 1976 ). In conjunction with the studies surrounding the general role of Wnt-1 signaling in post-embryonic development, we also looked at the effect of wnt-1 removal on limb regeneration in T. castaneum larvae. When the expression of wnt-1 or arm-2 was removed, no regeneration was observed in the larval legs.
The fact that no regeneration was observed even when dsRNA injection and leg ablation were performed on the same day suggests either that RNAi occurs rapidly in the regenerating tissues or that regeneration is not initiated immediately in the ablated tissues. We cannot distinguish between these two alternative hypotheses and also do not know whether the rapid effect is generalizable to all regeneration-related transcription factors. Thus, leg ablation was delayed by one or two days after dsRNA injection to ensure that the RNAi is maximally active in the regenerating tissues.
The results from our regeneration studies clearly indicate that canonical Wnt signaling is necessary for the regeneration of T. castaneum limbs. Recent studies on regeneration in Drosophila imaginal discs have shown that wg is necessary for imaginal disc regeneration (Schubiger et al., 2010; Smith-Bolton et al., 2009) . Previous RNAi studies in the hemimetabolous insect G. bimaculatus knocked down arm after leg ablation and observed no subsequent regeneration (Nakamura et al., 2008 (Nakamura et al., , 2007 . Thus, as insect appendages adopted novel modes of development -from direct developing legs to larval legs to imaginal discs -, the role of Wnt-1 signaling in regenerating all of these leg types was retained.
The conservation of the role of canonical Wnt signaling in regeneration appears to hold for all metazoans studied to date. Studies in vertebrates, such as Xenopus laevis and zebrafish, have underscored the importance of Wnt and b-catenin signaling in vertebrates (Kawakami et al., 2006; Stoick-Cooper et al., 2007a , 2007b Yokoyama et al., 2007) . Recent studies have also highlighted the role of Wnt-1 signaling in planaria and hydra (Gurley et al., 2008; Lengfeld et al., 2009; Petersen and Reddien, 2008) . Thus, Wnt signaling appears to be used for regeneration of many species and in various types of appendage structures (Fig. 12) . Similar to the highly conserved gene toolkits used to pattern animals (e.g. De Robertis, 2008), there may be a conserved gene toolkit for regeneration that contains canonical Wnt signaling. Understanding the nuances of this highly conserved regeneration signal is essential for the potential therapeutic use of this highly conserved mechanism in adult, non-regenerative mammals, such as humans. We think that Tribolium, with the availability of the genome sequence, ease of leg ablations and ability to perform functional analyses, will provide an excellent model system to further explore the mechanisms underlying regeneration. Given that many of the homologs of vertebrate genes are retained in this species (Tribolium Genome Sequencing Consortium, 2008) , this system should provide a useful and exciting tool for comparative studies of appendage regeneration among metazoans.
4.
Experimental procedures
T. castaneum husbandry
Wildtype T. castaneum larvae were obtained from Dr. Richard Beeman (USDA ARS Biological Research Unit, Grain Marketing and Production Research Center, Manhattan, Kansas) and raised in organic whole-wheat flour supplemented with 5% nutritional yeast at 29°C with 50% humidity.
RNA isolation and cDNA Synthesis
In order to isolate RNA, T. castaneum larvae and pupae were dissected to remove the gut and fat body, and RNA from the remaining tissue was isolated using TRIzol. To ensure complete removal of genomic DNA, the sample was treated with DNase (Promega). Using the First Strand cDNA Synthesis Kit (Fermentas), 1 lg of the isolated mRNA was converted to cDNA.
4.3.
Polymerase chain reaction (PCR) and cloning
The Promega GoTaqÒ PCR Core System I was used to amplify portions of the wnt-1 (GenBank Accession No. NM_001114350), arm-1 (GenBank Accession No. XR_043141) and arm-2 (GenBank Accession No. NM_001170653.1) sequences using the primer pairs given in Table 1 . Tribolium has two armadillo paralogs, arm-1 and arm-2, that have very similar nucleotide sequences. For arm-1, the region selected for dsRNA synthesis 69% nucleotide sequence similarity (235 out of 340 nucleotides are identical) to arm-2, For arm-2, the region selected has 71% nucleotide sequence similarity (257 out of 364 nucleotides are identical) to arm-1. We have found that in the arm-1 and arm-2 RNAi animals, arm-2 and arm-1, respectively, were also knocked down ( Supplementary  Fig. 1) . Thus, the effects of arm-1 and arm-2 knockdown reported here likely represent knockdown of both paralogs of arm. The longest stretch of sequence identity is 11 bp for both genes. Normally, such short stretches of sequence identity are unlikely to result in noticeable knockdown of expression. However, it appears that having many stretches of short sequence identity may lead to noticeable partial knockdown of the paralogous gene expression. For wnt-1, the only sequence with somewhat similar sequence identity was wnt-6 where the two share 12 bp stretch of maximum sequence identity. The amplified PCR product was extracted using the Qiagen MinElute Gel Extraction Kit and cloned into the pCR 4-TOPO vector using the TOPO TA Cloning Kit. Identity of sequences of the cloned DNA was verified using NCBI BLAST.
4.4.
Double-stranded RNA (dsRNA) synthesis
Linearized plasmid DNA was then used to synthesize complementary single-stranded RNA (ssRNA) using the MEGAscript kit (Ambion). ssRNAs (concentrations determined spectrophotometrically) were then combined and annealed according to Hughes and Kaufman (2000) to generate a 2 lg/ lL solution. To ensure that the dsRNA had been properly annealed, the ssRNAs and the newly formed dsRNA were analyzed by gel electrophoresis.
dsRNA injections
Approximately 0.25 lL (for sixth instars) and 0.5 lL (for seventh instars) of the desired dsRNA was injected into the dorsal side of the larvae, between the 1st and 2nd abdominal segments, using a pulled glass capillary needle. Larvae were injected on day 0 sixth and seventh instar with 0.25 lL or 0.5 lL, respectively, of 2 lg/lL wnt-1 dsRNA or 0.5 lg/lL (for sixth instars) and 2 lg/lL (for seventh instars) arm-2 dsRNA. Control seventh instars larvae were injected on day 0 with 0.5 lL of 2 lg/lL amp r dsRNA. Plasmids for synthesis of amp r dsRNA were generously donated by Dr. Takashi Koyama (Gulbenkian Institute of Science, Oeiras, Portugal). Larvae of the GFP-expressing PU-11 T. castaneum strain were also used (Lorenzen et al., 2003) to visualize the effect of arm-2 RNAi on the development of the wing imaginal disc (gift from Kathy Leonard, Kansas State University, KS, USA). Knockdown of wnt-1, arm-1 and arm-2 expression in the dsRNA-injected larvae was verified using semi-quantitative RT-PCR. Briefly, tissues from three prepupae injected with wnt-1, arm-2 and amp r dsRNA earlier in the larval stage were pooled, and cDNA was created. For arm-1 knockdown verification, three arm-1 or amp r dsRNA-injected larvae were pooled seven days after injection. PCR was performed on equal amounts of cDNA, and the PCR products were run on the gel to verify the knockdown of arm and wnt-1 mRNA levels in the knockdown animals relative to that in amp r dsRNA-injected animals.
After injection, the larvae were maintained at 29°C in 50% humidity. To image the animals, animals at the desired stage were sacrificed in a solution containing 15% glycerol and 70% ethanol, and dissected to isolate the appendages. Images were obtained using Spot camera and software, and processed using Adobe Photoshop and the NIH ImageJ software package (http://rsb.info.nih.gov/ij).
Leg size analyses were conducted on 7th instar wnt-1 dsRNA-injected animals. In beetle species, the pronotum width is often used as a proxy for body size (Simmons and Kotiaho, 2002) . In our wnt-1 dsRNA-injected animals, the pronotum width was statistically indistinguishable from that in amp r dsRNA injected animals (Student t-test, p > 0.05).
Thus, we used pronotum width to scale leg measurements. In order to establish if the length of the limb is affected by wnt-1 knockdown, the tibial length, measured from the distal end of the femur to the distal end of the tibia, and tarsal length, measured from the distal end of the tibia to the distal end of the tarsi (not including the claw), were determined and compared to those of wildtype beetles. To determine the effect on the width of the legs, tibial and tarsal segment widths were measured at the distal end of the tibial segment and the first tarsal segment, respectively.
Regeneration study
Day 0 sixth instar larvae were injected with 0.25 lL of 2 lg/ lL wnt-1 dsRNA. Subsequently, the larval mid-and hindlimbs were ablated close to the base of the femur on one side of the larva, either on the same day or two days after dsRNA injection. Larvae were anesthetized on ice and placed on a double-sided tape on a glass slide, ventral side up. Legs were ablated using fine microscissors under a dissection miscoscope. The forelegs and the contralateral mid-and hindlegs served as internal controls. The order of injection was also reversed so that the larval legs were ablated on day 0 of the sixth instar and the larvae were injected with wnt-1 dsRNA on day 2. Larvae were also injected with 0.25 lL of 0.5 lg/lL arm-2 dsRNA on day 0 of the sixth instar, and their legs were ablated two days later, to determine whether regeneration required canonical Wnt signaling. In the control larvae, amp r dsRNA was injected on day 0 and legs were ablated either on the same day or two days later. Larvae were stored in a solution containing 15% glycerol and 70% ethanol until they were ready to be imaged. To image regenerating legs, the legs on the treated side were removed along with the body wall and mounted in a drop of 80% glycerol. The legs and the site of ablation autofluoresce under the fluorescence microscope. Images of the regenerating legs were captured using this set up as light microscopy proved inadequate. Similar procedures were followed for antennal regeneration studies. Antennae were removed with either microscissors or a razor blade. Antennae were imaged using light microscopy.
